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ABSTRACT

An experimental investigation of the noise generated by a pusher
propeller due to a wake entering the propeller disc was conducted,
&courtic measurcments were made in a low speed wind tunnel with the
propelier operating in a uniform velocity airstream, and with a wing
mounted at various locations upscream of the propeller. For the
propeller alone case the experimental results were compared with

theoreticul resules.
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1 SECTION 1

INTRODUCTION

Pusher propeller aireraft are currently receiving considerable

attention due to certain advantages which they display over tractor pro-
- peller aircraft. Because of its position behind a body, i.e., the fuselage

or a wing, a pusher propeller operates in a lower velocity airstream, and

b T e e S P A

thus more efficiently, than a tractor propeller. If, in the pusher

TPV

propeller configuration, there is no pact 2f the aircraft in the slip-

stream aft of the propeller, its efficiency is further improved, In

addition, interest in laminar flow winge has encouraged engineecrs to
study pusher propeller configurations, since such configurations do not
produce disturbed air flows upstrean of the wings,

However various disadvantages are associated with pusher propeller
aircraft. Such designs generally involve locating the center of gravity
further aft than in a comparable tractor design, thus decreasing the air-

craft's stability. Also, particularly when it is mounted in the fuselage,

there exists the problem that the propeller might strike the ground during

take-off and landing. Additfonally, due to the fact that a pusher's power

plant i{s often located away from the onceming airstream, engine cooling
can become more difficule,

The purpose of the present investigation is to study still another
difference between a tractor propeller and various pusher propeller con-
figurations, that is, the dif.erence in noise characteristics. Such
differences ar: expected due to several effects of operating a propeller

downstream of : solid body. First, due to the flow pattern arcund the

hody, the propeller operates in an afrstream of nonuniform velocity. Second,

. the body produces a reglon of turbulent air flcw in {ts wake, which




subsequently entars the propeller disc. Third, there is an inviscid
interference between the sft body and the propeller blades. All these
effects produce local incidence changes on the propeller blade, which in
turn cause fluctuating forces on the blade, and thus additional noise
sources, Several theories relevant to propeller noige genaeration are
briefly presented in the following section,

The present investigation was conducted by suspending a wing up-
stream of a propeller in an open test section, low speed wind tunnel. A
microphone, positioned outside of the moving airstream and connected to
a frequency aanalyzer, was used to measure the sound pressure levels for
different relative positions of the wing and propeller, as well as for
the case of no wing being present. This experimental setup and procedure
is described in more detail {n Section 3. Finally, the results and

conclusions of this study are presented in Sections 4 and 5.
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SECTION 2

PROPELLER NOISE THEORY

2.1 The Theory of Liéhthill

The noisc generated by a rotating propeller is classified as
acrodynanic noiss, that is, noise generated by an air flow rather than
by a vibrating solid. The classical theory of aerodynamic sound genera-
tion was first presented by Lighthill (l)+. e views his work ns
"uncovering the mechanism of conversion of energy between two of its
forms, namely, the kinetic energy of fluctuating shearing motions and
the acoustic encrgy of fluctuating longitudinal motions,'

Lighthill considers a fluctuating fluid flow occupying a limited
part of a large volume c¢f fluid which i{s otherwize at rest, The exact
equationt governing the density fluctuations in the real fluid are com-
pared to the linearized acoustic equation for the propagution of sound in
a uniform medium at rest, He constders the difference between the two
scts of equations as {f {t were the effect of a filuctuating external
torce field, known if the flow {8 known, acting on the acoustic medium,
and therefore radiating sound in accordance with the ordinary laws of
acoustics. In this manner Lighth{ll ultimately derives an expression

governing the generation of acrodynamic sound.

2.2 The Theory of Gutin

The aerodynamic noise generated by a progeller can be classified
as efither discrete frequency 'rotational' noise or broad band noise.
Discrete frequency noise arises from the regular, periodic disturbances

of the air by the propeller. Broad band nuise arises from random

*Numbers in parentheses refer to references listed at the end of the text,




disturbances at the propeller, such as those due to the fluctuating
forces caused by vortex shedding from the trailing edges or by operating
the propeller in a turbulent airstream. The present investigation is
concerned with the more dominant discrete frequency noise.

The work of Gutin (2) forms the founda;ion of wany current
theories concerning propeller noise. Gutin considers the pressure distri-
bution acting on an clement of a propeller blade due to its motion through
the air. He resolves this distribucion into a thrust and a torque com
ponent. Since he considers the case of a uniform approaching air flow,
these forces arc steady in the rotating reference frame of the propeller.
However, at a fixed point in space the forces on this clement appear as
oscillating forces, the frequency of oscillation befag equal to the
rotational frequency of the biade clement. This situation is depicted in

Figure 1 i{n which

X,¥,Z2 define the fixed coordinate system
0 = an obscrvaticn point {n the Y=0 plarne
1 = the angular velocity of the propeller blade

Rb = the radius of the propelier

R = the distance from the center of the propeller disc to 0
R = the distance from a blade clement to O

R = the radial location of a blade clement

0 = the angular location of a blade element measured

from the 2 axis
R dR d8 = a blade element

8

the angular location of 0 measured from the X axis
dQ = the torque produced by a blade element
dT = the thrust produced by a blade element

Since the excitation is periodfc, it can k& Fourier analyzed and

the harmonics considered separately. GCutin assumes the blade width to be
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small enough that the excitation can be treated as an impulse function,
then develops expressions for tue varying thrust and torque forces for
each harmonic., He proceeds with the mathematics and ultimately derives

an integral expression for the sound pressure of each harmonic. In order

[rey

to solve this equation exactly the thrust and torque distributions along

the propaller radius must be known, However, Gutin obtains an approximate

e

golution by assuming an effective radius at which the total thrust and

torque are assumed to act, His final cxprcssion+ is

b

sP

m B Q
n 37 nRo (~Tcos§ + Rp N(!) JmB(m B Me 8ind)

mej

q; where
H
m = the order of the sound pressure harmonic
E B = the number of blades
] SF = the root mean square sound pressure of the mCh
3
. n sound pressure harmonic
B
i ié . a = the local specd of sound
-
i T = the total thrust

Q = the total torque

b
=
'

the effective radius of the propeller

the blade Mach number at the effective radius

S
a::
'

JmB = the Besscl function of the lst kind of order mB

oo
t

o 40

It can be scen that the thrust contribution has a quadra-

pole-type directivity character, while the torque has a dipole-type

6 -mm.l

directivity chavacter. The signs ¢f the thrust and torque c~ntributions
indicate whether they are in phase, and thus constructive, or out of phase,

and thus destructive. Thege directivity characteristics arc shown in Figurc 2.

In general, a dipole is a much more effective radiator than a

WU W Swesd

*ror the sake of consistency, the author has taken sore liberty with
. the original notation in this and other expressions.

,ﬁt,\i »ii i
.
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quadrapele. In the case of a propeller, however, since the thrust force
is significantly greater than the torque force, these two contributions
to the sound pressure are of comparable magnitude, The magnitude of the
contribution duec to the finite thickness of the propeller blade, which
Gutin does not consider, is comparable to the magnitudes of the torque
and thrust contributions only at relatively high Llade tip Mach numbers.
Also not considered by Gutin i{s the contribution of broad band noise such
as vortex shedding noise. Under most operating conditions, the effect of
broad band noisc on the discrete frequency sound pressure levels is in-
significant, Another assumption of Gutin is that the forward speed of
the propeller is low enough that it does not affect the directivity or the
amplitude of the sound pressures.

1t {8 worth noting the effect of the Bessel function term on the
theoretical sound pressure. FPor relatively small values of (Nc sind) the
anplitudes of the harmonics decrease with harmonic number. However, the
rate with which the harmonic applitude increases with (Hc sind) is greater
for higher order harmonica. Thus for relatively large values of (Hc sing)
thege higher order harmonica can assume larger values than the lower order

cnes,

2.3 The Theory of Wright

Wright (3) considers a propeller operating in a nonuniform flow
field, 1.e., one in which the angle of fncidence on the propeller blade
varies as the blade rotates. This, of course, i{s the sftuation arisiog
when the wake produced by an upstream body enters the propeller disc.

Under such conditions a fluctuating force ficld exists on the propeller

g

blade {n the rcotsting reference frame,
Wright considers the case in which these force fluctuations are

. repetitive for each revolution (stationary asymmetric disc loading), and

PR IR M AN
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;t thus can be Fourdier analyzed into blade loading harmonies. These harmonic
ﬁ components can be rcalized as a distribution of sinusoidally oscillating
gg forces, rotating with the blade., Thus, he concludes, at a fixed point in
space each blade loading harmenic produces a spectrum of fluctuating

% forces, This spaccrum consists of & force fluctuating at the blade passage

frequency and of forces fluctuating at side-band frequencies occurring at

e

mltiples of the blade passage frequency. Associated with these fluctuations

are the relatively efficient dipole sound sources, Thus when these force

boraeied

fluctuations are large their contribution to the sound pressure spectren

is also large.

oty

The overall spectruan of sound pressure harmonics is, therefore,

}
¢ the sum of tle sound pressure spectrums of each blade loading harmonie.
; Using this model for stationary asymmetric disc loading, Wright ulcimately
. derives the following simplified cxpression:
ﬁ uﬁmBﬂ
L] > I -
Slmu W (~T cosd + T
v o e ¢
[ B
. #
5 EEo8yy 5 (mB M sing)
34 mB mB-s ¢
§ where
1.5

8 = the blade loading harmonic nurmber

th sound

]

SPm = the root mean square sound pressure of the m

pressure harmonic of the ath blade loading harmonic

st in

a, = the ratio of the sth harmonic blade loading amplitude

oo

of the steady loading amplitude

pou Y
<

1t can be seen that for the case of steady disc loading, {.e.,

b

TRy

80 and as_onl, the above equation reduces to that of Cutin. As is the

B

N AR

case with Gutin's equation, Wright's equation does not consider the effects
of forward speed, thickness or broad tand noise, or the pressure distri-

butions along the blade. It should be noted that in Wright's equation the

s

e
i
-

; L imndimpay
N ‘}h >
2t a iy

NGt s e s ]

3
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: Bessel function term has the same argument, but a different order than
) in Gutin's equations. Thus the relative amplitudes of the harmorics are
not dependent only upon (He sind), but also upon s.
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SECTION 3

EXPERIMENTAL SETUP AND PROCEDURE

3.1 Experimental Setup

The present investigation of the noisc generated by an aircraft
propeller and the effect of an upstream wing on this noise gcneratioﬁ was
conducted in the von Karman Institute (vKI) low speed wind tunnel L-1 (4).
The overall test setup is shown in Figures 3 and 4.

An open-jet test scction having a diameter of 3 meters and a jet
length of 4.6 meters was used, As the wind tunnel was not deaigned to be
used for acoustic measurements, {ts acoustic qualities were improved by
piacing closed cell polyurethane foam (Eurofoam quality LF) sheets, 4 cm
thick, in various locations. In order to reduce reflections, this foanm
was hung behind the teat section and was applied to the control room, to
a support column, and to the underside of the overhead balance. 1t was
also used to dampen the nelse from the propeller engine generator.

The propeller used in this study was borrowed from the Industrie
Anlagen Beratungsgesellschal{t (1ABG) and is shown in Figure 5. It is a
two bladed propeller of simple design, constructed of laminated wood,
and measuring 347 om in diamcter. The propeller was powered by a 3-phase
electric engine, belonging to the Deutsche Forschungs und Versuchsanstalt
fur Luft und Raumfahrt (DFVLR). This engine was mounted in a casing
containing a water-supplied cooling coil. An adapting cone was designed
and fabricated at the vKI to connect the propellar to the engine shaft,
The engine, propeller, and cooling casing were suspended from the overhead
6-component mschanical balance, as shown in Figure 6, in such a way that
the torque and thrust produced by the propeller could be measured.

The wing used in this {nvestigation was a symmetric RAE 101 pro-

file wing belonging to the DFVLR, having a chord of 300 mm and a spar of
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1800 mm. It was supported from below in such a way that both its
horizontal and vertical positions could be varied. All tests were done
with the wing positioned at a geometric angle of attack of -80, the re-
sults being applicable to a wing at +8° due to its symmetry. Figures &
and 7 show two views of a propeller/wing configuration,

It is important to note the coordinate system used throughout
this report. The origin is at the center of the propeller disc, the X
axis is directed upstream, and the Y axis downward, The relative location
of the wing to the propeller i{s defined by the location of its trailing
edge in this coordinate system.

The acoustic measuring and recording equipment used was manufactured
by BrlUel and Kjuer. This equipment consisted of a type 4133 12,7 mm
condenser microphone and preamplifier, a type 2120 frequer:y analyzer, a
type 2307 level recorder, and a discrete frequency cal’urator. The
nicrophone was mountzd at the height of the center of the propeller disc,
3 meters {rom the propeller, and at an angle of 70° from the approaching
airstream. This location was based on preliminary estimates of the far

field and on previous far field studies done {n the L-1 wind tunnel (5).

3.2 Experimental Procedure
The general test procedure can be summarized as follows:

start water flow to propeller engine cooling casing

calibrate acoustic cquipment

position nmicrophone

.

position wing

start wind tunnel

start propelier engine

)

make acoustic measurements

make torque and thrust measurements

O N O W W
.

shut down propeller engine

s
(=

shut down wind tunnel

P
P
.

repeat steps 4 through 10 for a different propeller/wing
configuration, periodically recalibrating the acoustic

equipment
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The only parameters varied in the present study were the X and Y

locations of the wing. All other parameters were held constant as

[
é‘.ﬁw ....i

indicated below:

microphone location: & = 70°

A

R = 3m
o

Y=0m

Fwersecd

tunnel operating condition: V = 30 (+ 1) m/s
propeller operating condition: f = 200 Hz

oiepgerenp

wing angle of attack: a & - 8°

frequency analyzer bandwidth: b = 10Z

o |

¥
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SECTION 4

RESULTS AND DISCUSSION

4.) Preliminary Results

Before making measurements of the noise generated by the propeller
several preliminary tests werc performed, First a calibration check was
performed on the torque and thrust balances, While the thrust balance
functioned satisfactorily, problems were encountercd with the torque
balance. Therefore, in this study the torque is calculated on the basis
of the power used by the propeller engine, assuming an appropriate
efficiency coefficient,

A wake survey was made at various locations downstream of the
wing using a pitot-static probe rake., The results of this survey appear
in Figure 8., It must be noted, however, that these profiles do not take
into account the suction effect of the propeller. This effect must be
considered when attempting to determine where the wake is actually enter-
ing the propeller disc,

The quantities of interest in this study are the amplitudes of
the sound pressures at the harmonic {requencies, Thus a narrow band
spectral analysis is desirable. A test was performed, with the propeller
operating, to compare the r sults of using a 102, as opposed to a 1Z,
bhaudpass width, Since the difference between the two cases was negligible,

the 102 bandpass filter was used, as this analysis requires less time.

4.2 Propeller Alone Results

Before gtudying the effect of the presence of the wing on the
propeller generated neise, a spectral analysis was performed on the noise
generated by the propeller in a uniform velocity airstream. The result

of this analysis is shown in Figure 9. 1In this figure the base line
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represents a sound pressure level of 80 dB (referenced to 20 uN/mz), and
the horizontal lines are spaced 2 dB apart. The graph covers a frequency
i range of 250 to 2500 Hz. Since the propeller was rotating at 200
revoiutions per second and has two blades, its fundamental frequency was
3 400 H=,
At this point it should be mentioned that zero shifts of the
- frequency analyzer of as much as 1 dB were experienced in the course-of
testing. Thus the results presented in this report have at least that
level of uncertainty.
For the propeller alone test the values of the torque and thrust
(Lt.e,, Q=0.18 N-m and T=0,63 N) and of the other necessary parameters
X were inserted into Gutin’s expression for the theoretical sound pressure.

The resulting values, expressed in terms of decibel levels, are shown

. graphically in Figure 10 for the first f{ive harmonics, The theoretical

o v

values at 6-700, i.e., at the microphone location, are shown in Figure 11,

plottad with the measured values., As can be scen, the agrecement is not

. satisfactory, particularly for the first two harmonics for which the trend
{; of the amplitudes is reversed. Thus various possible explanations for

. the lack of agreement were consldercd.

g% Since there was no sound absorbing material on the floor, the

effect of a reflection off the floor was investigated., The concrete floor

st

was assumed to be a perfect reflector and the propeller was treated as a

point sound source located at the center of the propeller dise, The

i

computed amplification factors for the first five harmonics for various

source-to-receiver distances are shown in Figure 12, Applying these factors

W ryy
men!

to the measured data for the nominal source-to-receiver distance of 3
meters gave unsatisfactory results. However, for a source-to-receiver
distance of 2.9 meters, the correction factors gave good agreement for

. the first two harmonics, as shown inFigure 11, It is quite possible that

e wewE el
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during the course of testing the microphone stand had been misplaced or
incorrectly measured by 10 cm. While it was not possible at this point
to check the actual source-to-receiver distance, the improved agreement
of the first two harmonics and the conceivable explanation appear to
justify the assumption of a source-to-receiver distance of 2,9 meters,
This reflection correction, however, failed to resolve the
discrepancy betwecen theory and measurement for the higher order harmonics.,
Goldstein (6) cites a similar reported discrepancy and attributes the
additional high frequency noise, unpredicted by Gutin's theory, to non-
uniform flow entering the propeller disc, The validity of Gutin's
assumption of an effective radius to model the higher order harmonics has
been questioned, and could also contribute to the discrepancy. Other
factors that could have been influencing the experimental results include
the diffraction cffect of the shear layer of the open~-jet and the pre-

gsence ¢?f additional untreated reflecting surfaces in the test area,

4.3 Propellev/Wing Results

A scries of tests was performed to study the effect on the noise
generation of varying the vertical location of the wing. For these tests
the horizontal Jocation of the wing was held constant at X=250 mm, The
results of these tests are shown in Figure 13. This figure indicates the
spectral sound pressure levels for various Y locations of the trailing
edge of the wing., The figure shows an envelope of the sound pressure
levels, that is to say, only the amplitudes at the harmonic frequencies
reflect measured values. The values at these frequencies are simply
connectrs by straight lines and thus amplitudes at intermediate f{requencies
cannot be inferred from this graph. When viewing this graéh it should be
noted that the radius of the propeller i{s 173.5 mm and the radius of the
cone is 32.5 mm. However, as mentioned earlier, the exact location where

the wake enters the propeller disc is uncertain.
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The most noticesble trend is that the amplitude of the second
harmonic tends to be the greatest for most propeller/wing configurations.
%5 Both the fundamental and the fifth harmonic increase somewhat with Y3
however, it is unclear whether this is indicative of a significant trend.
It is not known why the values at Y=395 mm, where the wake certainly does
§§ not enter the propeller disc, differ from the case of the propeller

alone (See Figure 9.).

Womwrent

The correction factor for the ground reflection was applied to the

data and these results are shown in Figure 14, This correction eliminates

g~

the trend of the second harmonic to have the highest sound pressure level,

Figure 15 shows the overall sound pressurc levels for various

o e

propeller/wing configurations for both the uncorrected and the corrected

data. There appears to be an increase in sound pressure with increasing

Sy 4

horizontal location of the wing for the corrected data. However, the
large scatter makes this trend questionable,

Another correction could be applied to the data by using the

AR
oo o

correction factors necessary to bring the wing alene data into agreement

with Gutin's theory. Such a correction would result in a much more rapid

" 1

decrease of the spectral sound pressure levels with increasing harmonic

2552 S et

nusber.
Another scries of tests to study the cffect of changing the

vertical location of the wing was performed, this time for a horizontal

s

location of X=100 mm. However, for this series the repeatability was so

e

poor, particularly when the wing was near the propeller cone, that no

i

meaningful data could be obtained. The cause of this irrepeatability is
2 uncertain, but an unsteadiness of the wuke impinging on the cone is

possible. The fac:t that such an unsteadiness did not appear when the

wing was at a horizontal location of X=250 mm may be due to the fact

Now

REE LTINS

that the wake is much weaker with the wing at that location. This could
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also explain why no strong trends appeared for the X=250 mm case as the
vertical location of the wing was varied.

A series of tests was conducted to test the effect of changing
the horizontal location of the wing. Again a large degrec of

irrepeatability was encountered. However, despite this irrepeatability,

an increase of the overall sound pressure level was obvious as the wing

was moved quite close to the propeller.
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SECTION 5

CONCLUDING REMARKS

More than anything else, this investigation indicates the need for
further study of the effect of a wake on the noise generated by a
propeller. The experimenter must be able to have confidence that his
measurements arce truly indicative of the propeller generated noise, In
the case of the vKI L-1 wind tunnel this requires a close examination of
the reflective and diffractive characteristics of the tunnel and test
srea. Based on this cxamination, either the acoustic character of the
tunnel or the experimental data could be sultably corrected.

A detailed study of the wake aud the propeller/wake interaction is
essential {n order to be able to relate the nofse measured to the flow
phenomena producing it. Knowledge of the wake character, coupled with
impreved experimental technique, would help resclve whether the
unstendiness encounterced in the present study is indicative of an
unsteadiness of the flov {tself. Knowledge of the propeller/wake inter-
action i{s also required {n order to compare the theoretical and the
experimental results,

Finally, more extensive testing is necessary. This should include

variation of the microphone location, as well as other test parameters.
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PHOTOGRAPH OF THE OVERALL TEST SETUP
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FIGURE 6:

FIGURE 7:
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PHOTOGRAPH OF THE PROPELLER, ENGINE, AND
COOLING CASING

i)

PHOTOGRAPH OF THE PROPELLER/WING CONFIGURATION
LOOKING UPSTREAM
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